We report a theoretical investigation of electronic properties of semiconductor InAs and GaAs nanocrystals.
Introduction
Continuous matter approaches demonstrated their usability in describing main spectral features of semiconductor quantum dots [1, 2] including chemically synthesized nanocrystals [3, 4] , yet the eective mass approximation (EMA) overestimates single particle gap [5] or electronhole binding energy [6] , while atomistic approaches have proven to be necessary for accurate description of the details of electronic and excitonic spectra of semiconductor nanocrystals [4, 711] .
In this paper we adopt the tight binding approach which accounts for eects of dot size, shape or composition on the atomic scale with a modest computational eort even for large nanosystems. We use sp 3 d 5 s * parameterization [12, 13] including spinorbit eects [14] and d-orbitals both playing important role in description of nanocrystals spectra, especially for small size systems [8, 9] . Recent research has proven that passivation of surface dangling bonds plays important role for electronic and optical properties of nanocrystals aecting nanocrystal gap [1518] . In this work we mimic passivation by shifting energies of dangling bonds (unsaturated hybrid orbitals) [19] and eectively removing the dangling bonds states from the single particle gap region. This approach has the advantage of not increasing the Hamiltonian size, while the explicit modeling of surface passivation leads to a larger Hamiltonian dimension and nally more demanding computation. By varying the value of dangling bond shift (or eectively surface passivation potential) within wide −20 . . . 20 eV range, we simulate eects of dierent passivating agents.
Single particle states obtained in the TB step of calcu- * corresponding author; e-mail: mzielin@fizyka.umk.pl lation are later used for calculation of the Coulomb matrix elements [13, 20] . In this work we focus our attention on electron ground state (e1)hole ground state (h1) direct Coulomb integral to estimate exciton binding. Here,
we ignore the exchange interactions and corrections due to correlations, which are much smaller than the direct Coulomb interactions, and approximated exciton binding energy with single screened Coulomb integral [13] :
where ε(r 1 , r 2 ) is the position-dependent dielectric constant, and ϕ are single-particle wave functions obtained by diagonalization of the TB Hamiltonian and are given as linear combinations of atomic orbitals (LCAO):
Substituting ϕ in LCAO form into the formula (1), one obtains fourfold summation over the Coulomb and exchange integrals calculated in atomic basis [13, 21] . Then, by series of approximations, including only monopole monopole terms of two-center Coulomb integrals, one ob-
where:
and on-site (R i = R j ) integrals have been approximated with single U at that depends only on atom located at R i . 
where E sp gap = E 1 − H 1 is quantum dot single particle (HOMOLUMO) gap taken from TB calculation and J e1h1 is screened Coulomb interaction given by formula (3), with e 1 and h 1 being electron and hole ground states, as well as E 1 and H 1 being corresponding eigenenergies. cations. The eect is small for nanocrystals larger than 1.5 nm, however it is not negligible for smaller nanocrystal with maximum spread of the gap value ±0.2 eV for r = 0.6 nm InAs nanocrystals. It should be noted that even for largest considered (> 2.5 nm) nanocrystals, the single particle gap is still much larger than the asymptotic bulk value and that generally in an atomistic calculation the single-particle energy gap scales slower than 1/R 2 rule predicted by simple particle-in a box model [6, 8] .
Single particle gap
Apart from composition details variations, one can calculate TB spectra using dierent values of surface passivation potential (dangling bond shift), thus mimicking eects of dierent passivating factors [26] . Figure 1b shows evolution of the single particle gap E gap calcu- On the contrary, nanocrystals built from large band gap bulk material have more stable single particle gap with respect to surface passivation eect, which can be more useful for dierent applications.
In Fig. 2a we plot evolution of single particle band gap as function dangling bond shift for several GaAs nanocrystals. Figure 2a conrms our speculations that eect of surface passivation depends on nanocrystal diameter in the way the surface/volume ratio does. There is signicant reduction of E gap for dangling bond shift within −10 . . . 10 eV range. For even smaller (−5 . . . 5 eV not shown in Fig. 2 ) shift values the surface states originating from dangling bonds enter the gap region eectively leading to electronhole recombination through surface state or in other words no passivation at all. For passivation larger than ±10 eV surface states are eectively decoupled from volume quantum dot states, however the evolution of single particle gap is far from being converged despite large dangling bond shifts.
It should be noted that even though surface states due to dangling bonds are shifted away from the gap region, yet the value of the dangling bond shift acts also as effective potential added to surface atoms, thus changing overall connement potential. Applying large dangling bond shift eectively separates volume states form surface both in spectral and spatial terms, thus eectively squeezing conned states and resulting in increase of single particle energies. Interestingly, surface passivation with large, negative values of dangling bond shift [26] leads to ≈ 0.2 eV larger single particle band gap than that for large, positive passivation.
In Fig. 2b we plot evolution of electron and hole ground state as function surface passivation potential for several GaAs nanocrystals. We nd that for large negative (positive) shifts, electron (hole) states do not change with the choice signicantly with dangling bond shift. Thus the coupling between surface and volume states is eective only between one type of carriers at a time, depending on the choice of dangling bond shift sign, while the other carrier type is eectively decoupled from the surface. We point here however that accurate modeling of surface passivation would demand a rigorous modeling of surface ad-atoms, preferably using ab initio approach. Interestingly, this conclusion is also true for the short--range/on-site contribution. The on-site contribution is however a weighted average of U at over the quantum dot volume with electron and hole atomic charge densities (Eq. (3)), thus the surface inuence is eectively smeared out. This eect may have signicant consequences for other spectral quantities in particular electronhole exchange, not considered in this paper. With dierent on-site terms contribution for small band gap nanocrystals (35% compared to 28% for smallest considered InAs and GaAs nanocrystals, respectively) we speculate that this effect may aect short-range/long-range electronhole exchange depending on nanocrystal (bulk) material, in spirit of Ref. [10] . We will leave this important subject for future work.
Unscreened electronhole interaction

Screened electronhole interaction
While the eects of lattice centering are small, there is a pronounced dependence of electronhole interaction on the value of surface passivation/dangling bond shift (Fig. 5) . Uncertainties due to the dierent choice of dangling bond shift are especially pronounced for small GaAs nanocrystals (on the contrary to the single particle gap, where InAs nanocrystals are the most aected). Interestingly, uncertainties due to o-site and on-site terms do not simply add up and the total electronhole attraction variations are dominated by variations of the on-site (short-range) contribution. Thus the systematic dierence between EMA and TB approaches, even though smaller than in unscreened case, cannot be attributed only to dierent boundary condition, but rather to eects of multi-band, multi-valley [6] coupling accounted for in TB method and neglected in straightforward eective mass approximation. 
Conclusions
We have studied eects of surface passivation due to dangling bond shifts and composition detail related to crystal lattice centering on single particle energies and electronhole interaction in spherical GaAs/InAs nanocrystals. We have used atomistic, multi-band tight--binding approach and have shown that values of the single particle gap and electron and hole ground state energies are aected by certain choice of eective surface passivation potential. This eect, with possible applications to nanocrystal gap tailoring, is especially pronounced for small (< 1.5 nm) nanocrystals originating from small bulk band gap material (InAs). We found that for the calculation of the screened Coulomb interaction, the short-range (on-site) contribution cannot be neglected and plays an important role, contributing to up to 30% of total electronhole Coulomb attraction value in the case of small nanocrystals. For the case of screened Coulomb interaction, results obtained with simple eective mass approximation dier from the obtained within tight-binding approach and there is a systematic dierence than cannot be simply attributed to dierent boundary conditions treatment in these two methods.
